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Beet western yellows virus (BWYV) is a Polerovirus that relies on the aphidMyzus persicae for its transmission, in a persistent-circulative
mode. To be transmitted, the virus must cross the midgut and the accessory salivary glands (ASG) epithelial barriers in a transcytosis
mechanism where vector receptors interact with virions. In this paper, we report in vitro interaction experiments between BWYV and aphid
components. Using the M. persicae clone from Colmar, we showed that a set of aphid polypeptides, separated by SDS-PAGE or 2D
electrophoresis (2DE), can bind in vitro to purified wild type or mutant particles. Using subcellular fractionation, we showed that the 65-kDa
polypeptide identified as symbionin is a soluble protein whereas the other polypeptides seem to be associated more or less strongly to the
membrane. We hypothesize that three polypeptides, identified by mass spectrometry as Rack-1, GAPDH3, and actin, may be involved in the
epithelial transcytosis of virus particles in the aphid vector.
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Beet western yellows virus (BWYV) is a member of the
genus Polerovirus (family Luteoviridae) (Mayo and D’Arcy,
1999). Particles of BWYV are icosahedral, 25 nm in dia-
meter, containing a monopartite-positive RNA of 5.6 kb
(Mayo and Ziegler-Graff, 1996).
BWYV relies on Myzus persicae (Homoptera, Aphidi-
dae), its main vector species, for its horizontal transmission.
As for all luteoviruses, BWYV and the vector interact
according to the persistent-circulative and nonpropagative
mode. In this highly specific interaction, virions are trans-
ported across two cellular barriers, the gut and the accessory
salivary glands (ASG) epithelia. At each barrier, the trans-0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: pseddas@colmar.inra.fr (P. Seddas).cytosis (endocytosis/exocytosis) event is believed to be
based on a receptor-mediated mechanism (Gildow, 1987,
1999; Gray and Gildow, 2003; Roth, 1993).
Studies on other members of the Luteoviridae, including
the species Barley yellow dwarf virus-MAV and -PAV
(BYDV-MAV and -PAV) and Cereal yellow dwarf virus
(CYDV-RPV = formerly BYDV-RPV), indicate that these
viruses are acquired into the aphid vector through the
hindgut tissues (Gildow, 1987). Recently, Reinbold et al.
(2003) have shown that the Cucumber aphid borne yellows
virus (CABYV) is acquired by M. persicae through the
hindgut whereas, in contrast, Potato leafroll virus (PLRV)
and BWYV are acquired by M. persicae through the midgut
(Garret et al., 1993; Reinbold et al., 2001). Particles of
BWYV are first transported across midgut cells into the
haemocoel and then across ASG cells for delivery to the
plant via saliva (Gildow, 1999; Reinbold et al., 2001). The
ability of luteoviruses to cross the gut wall is a trait generally
unrelated to vector specificity (Gildow, 1999; Rochow et al.,
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transported across the gut wall of different aphid species,
whether they are efficient vectors or non-vectors (Gildow,
1999). However, it has been reported that the gut wall may
affect transmission efficiency (Rouze´-Jouan et al., 2001).
Once released into the haemocoel, virions are thought
to bind to symbionin, a major protein produced and
released by the major endosymbiotic bacteria of the genus
Buchnera (Bauman et al., 1995; Filichkin et al., 1997).
The role of symbionin in transmission if any would be to
protect the virions from degradation in the hostile haemo-
coel environment.
In contrast to the gut barrier, the ASG barrier appears to be
virus-specific and to account for most of the transmission
specificity between vector and virus species (Rochow et al.,
1975). Moreover, this barrier was shown to function at two
levels, that is, the basal lamina and the plasmalemma, which
are independently involved in the recognition and transmis-
sion of luteoviruses (Gildow, 1993; Gildow and Gray, 1993;
Peiffer et al., 1997). Some luteoviruses can penetrate the basal
lamina of certain nonefficient vector species (Peiffer et al.,
1997). However, the underlying basal plasmalemma can be
crossed by virus only in efficient vectors (Gildow and Gray,
1993; Gildow and Rochow, 1980). Thus, the plasmalemma
permeability dictates vector specificity (Peiffer et al., 1997).
The viral determinants of the transmission specificity are
localized on the capsid of BWYV, which is composed of the
major coat protein (CP) of 22 kDa, encoded by ORF 3, the
minor readthrough (RT) protein of 74 kDa, encoded by ORF
3 and the downstream ORF 5, which is expressed by a stop
codon readthrough mechanism (Mayo and Ziegler-Graff,
1996). The RT protein plays a role in virus accumulation in
planta and is important for virus–vector interactions. This
protein is required for stability of virions in the haemocoel,
due to binding to Buchnera GroEL (Van den Heuvel et al.,
1997), or for their transport to the ASG (Brault et al., 1995,
2000; Bruye`re et al., 1997; Chay et al., 1996). Bruye`re et al.
(1997) showed that the C-terminal part of the RT protein is
not necessary for transmission of BWYV, since C-terminal
deleted mutants or purified particles, in which the RT
protein is truncated, are still transmissible by M. persicae.
The exact molecular mechanism of virus recognition and the
role of CP and the N-terminal part of the RT protein have
yet to be determined. Reinbold et al. (2001) showed that the
RT protein of BWYV does not seem to be required for the
transport of virions across midgut cells, although the pre-
sence of RT protein greatly enhances the efficiency of this
process. Surprisingly, ultrastructural examination of aphids
revealed that ingested RT-minus virus-like particles (VLPs)
prepared from PLRV were observed in ASG cells and in
salivary ducts (Gildow et al., 2000), whereas in contrast, no
particles of a mutant lacking the RT protein were detected in
ASG cells, even after microinjection into the haemocoel
(Reinbold et al., 2001).
The specific receptors that mediate endocytosis of
BWYV in M. persicae remain to be determined. A commonstrategy to study vector components that interact with virus
particles is based on the far-Western blot methodology. The
far-Western blot approach has been used successfully to
detect proteins that are potential virus receptors in the body
of aphids and other vector taxa. Several proteins within M.
persicae have been found to bind in vitro to PLRV (Van den
Heuvel et al., 1994). Li et al. (2001) showed that two
proteins, SaM35 and SaM50, in the vector aphid Sitobion
avenae, bind specifically to purified BYDV-MAV particles.
These proteins are considered as potential ASG-borne recep-
tors for BYDV-MAV in S. avenae. In other virus/vector
models, vector proteins interacting with virus particles have
been determined. Zhou et al. (1999) showed the existence of
a 32-kDa membrane protein, a potential receptor of Rice
ragged stunt virus (Oryzavirus) in the leafhopper Nilapar-
vata lugens, via the 39-kDa viral spike protein. A 50- and 94-
kDa protein of the thrips vector, Frankliniella occidentalis,
have been shown to bind in vitro to particles of Tomato
spotted wilt virus (Tospovirus) (Bandla et al., 1998; Kikkert
et al., 1998; Medeiros et al., 2000). The 94-kDa protein may
represent a receptor protein involved in virus circulation
through the vector, but probably not in viral uptake in the
midgut (Kikkert et al., 1998), whereas the 50-kDa protein
has been localized in the midgut brush border of thrips
(Bandla et al., 1998).
In this paper, we show that a set of M. persicae proteins
bind in vitro to purified wild type (BWYV-WT) or BWYV-
mutant particles in far-Western blot experiments. Using
subcellular fractionation of M. persicae, we discriminated
between soluble and membrane-associated aphid proteins
that interact specifically with BWYV particles and identified
five of these proteins using mass spectrometry. Among these
proteins, we propose that Rack-1 may belong to a mem-
brane complex (possibly including GAPDH3) and that it
probably facilitates transcytosis of BWYV-WT (but not of
BWYV-mutants) by interacting with actin in aphid epithelial
cells. We hypothesize also that endocytosis of BWYV may
occur via macropinocytosis by direct interaction between
BWYV and actin.Results
Nature of mutations in BWYV-6.4 and BWYV-5.123L
mutants and their effects on aphid transmission
We used two BWYV-mutants. BWYV-6.4 mutant, which
is deleted of the total RT domain, is capable of crossing the
midgut epithelial barrier with a low frequency compared to
BWYV-WT and is not aphid transmitted (Brault et al.,
1995). BWYV-5.123L mutant, which possesses three-point
mutations in the RT domain [E(59)!A, D(60)!A, and
P(32)!L], is unable to cross the midgut epithelial barrier
although it is aphid-transmitted after microinjection into the
haemocoel of the aphid vector (Brault et al., 2000). Subse-
quently, in several electron microscopy experiments, we
Table 1
ELISA responses of anti-BWYV mouse polyclonal antibody
Amount of
protein (Ag)
BWYV-WT BWYV-6.4 BWYV-5.123L
0 0.022 F 0.003 0.022 F 0.003 0.022 F 0.003
0.01 0.124 F 0.023 0.091 F 0.015 0.094 F 0.013
0.1 0.547 F 0.032 0.428 F 0.024 0.447 F 0.014
1 3.210 F 0.065 2.644 F 0.054 2.655 F 0.042
ELISA responses of anti-BWYV mouse polyclonal antibody using purified
particles of BWYV-WT, BWYV-6.4, or BWYV-5.123L after 2 h of
substrate’s incubation. Each value is the mean of three triplicate independent
experiments.
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crossing the midgut barrier with the same frequency as for
the BWYV-6.4 mutant and that this mutant is aphid-
transmitted (unpublished results). Nevertheless, the efficien-
cy of BWYV-5.123L transmission by aphid is lower com-
pared to that of BWYV-WT. Using a concentration of 25 Ag
ml1 or 50 Ag ml1 of purified BWYV-5.123L for mem-
brane feeding of aphids, 52% or 84% of aphid transmission
were obtained, respectively, whereas 100% of aphid trans-
mission was obtained with BWYV-WT used at the same
concentrations.
Whole cell lysate aphid proteins separated by SDS-PAGE
bind differentially to purified BWYV-WT particles and to the
two mutant particles, BWYV-6.4 and BWYV-5.123L
Because the two mutants (BWYV-6.4 and BWYV-
5.123L) can cross the midgut epithelium but at very low
frequency as compared to wild-type virus (BWYV-WT), we
determined whether the same aphid proteins bind to BWYV-
WT, BWYV-6.4, or BWYV-5.123L particles.
Far-Western blot experiments were performed using
whole cell lysate (WCL) proteins of luteovirus-free M.
persicae clone from Colmar (Mp-Col) aphids and purified
particles of wild type (BWYV-WT) or of the two virus
mutants. As shown in Fig. 1, BWYV-WT particles wereFig. 1. Binding of purified BWYV-WT, -6.4, -5.123L mutants particles to
whole cell lysate (WCL) of luteovirus-free Mp-Col aphid proteins
separated by SDS-PAGE revealed by far-Western blot. BWYV-WT,
BWYV-6.4, or BWYV-5.123L mutants was used. Controls were made
by omitting virus (lane ) or using purified GFLV particles from the F13
isolate, a nonrelated nepovirus. Relative molecular weight markers (Mw)
are indicated on the left. Eighty-microgram equivalent protein was
deposited in each lane.found to bind to a set of WCL proteins of Mp-Col aphids
having apparent molecular weights of 65, 52, 37, 35, 32,
31, 29, 26, 22, and 21 kDa, respectively. All these proteins,
except those of 65, 52, and 35 kDa were detected using
either BWYV-6.4 or BWYV-5.123L purified particles. A
weaker signal is observed with the mutant particles al-
though the same quantity of aphid proteins was deposited in
each lane. This is likely only due to the lower affinity of the
anti-BWYV mouse polyclonal antibody used for the
mutants than for the wild-type virus. Most probably, some
antibodies molecules constituting the polyclonal antibody
could not bind to the specific epitopes against which they
are directed because the virus mutations may belong to
these epitopes. However, this difference in affinity is
limited as judged by quantitative ELISA (Table 1) and
should not affect interpretation of the results. No signal was
obtained when omitting BWYV particles (lane ) or using
purified particles of GFLV, a nonrelated nepovirus that is
not aphid-transmissible.
Binding of BWYV-WT and of mutants BWYV-6.4 and
BWYV-5.123L to aphid proteins separated by 2D
electrophoresis
Two-dimensional electrophoresis (2DE) analysis was
carried out to evaluate the distribution of proteins contained
in WCL of luteovirus-free Mp-Col aphids (Fig. 2). As
judged from protein silver staining of the 2D gel, a
luteovirus-free M. persicae whole cell extract gives rise
to about 1,050 different protein spots (Fig. 2A). The
molecular weight (Mw) of these proteins ranges between
388 and 3 kDa and the isoelectric point (pI) between 3.34
and 10 units, as determined by the Melanie 3.0 computer
program.
To identify the proteins to which BWYV-WT purified
particles bind, far-Western blot experiments were carried
out. As shown in Fig. 2B, BWYV-WT particles were able
to bind strongly to three aphid proteins: P37 with a pI of
7.47, P35 with a pI of 7.60, and P33 with a pI of 7.55 as
determined by the Melanie 3.0 computer program. About
seven other proteins of Mw ranging from 61 to 4 kDa and pI
between 8.56 and 6.49, and one protein of 100 kDa and pI
5.6 were found to bind to BWYV-WT particles more
weakly (Fig. 2B). Compared to WT virus, mutant
Fig. 2. Separation of whole cell lysate (WCL) proteins from luteovirus-free Mp-Col aphids by 2D electrophoresis and binding experiment with purified
BWYV-WT particles. (A) Silver staining of aphid proteins. (B) Binding experiment. Relative molecular weight markers (Mw) are indicated on the left and pI
ladder on the top. 2D spots indicated by an arrow have been selected for the LC-MS-MS analysis and for Edman degradation.
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more weakly to P37 and mutant BWYV-5.123L was able to
bind more weakly to P33 but mutant BWYV-6.4 was
unable to bind to P33 (Fig. 3). Moreover, the two mutants
were unable to bind to P35 and to P52 as shown in Fig. 3.
Results for P52, P37, and P35 from these 2DE binding
experiments agree with those obtained in 1D binding
experiments. No binding was observed when BWYV par-
ticles were omitted (data not shown). The far-Western blot
experiment after 2D electrophoresis separation of proteins
could not be done with the membrane subfractions isolatedfrom M. persicae because of an insufficient amount of
aphid membrane proteins.
Determination of the nature of the aphid proteins that link
BWYV
We performed a subcellular fractionation of M. persicae
to obtain a low-density membrane fraction. At each step of
the subcellular fractionation, we determined the percentage
and the amount of proteins (Table 2). The results show that
in M. persicae, 97.4% of the proteins contained in the WCL
Fig. 3. Binding experiments between purified BWYV-WT, BWYV-5.123L, and BWYV-6.4 viruses and whole cell lysate (WCL) proteins from luteovirus-free
Mp-Col aphids separated by 2D electrophoresis. Relative molecular weight markers (Mw) are indicated on the left.
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2.6% of the WCL proteins.
We isolated three microsomal subfractions by sucrose
gradient centrifugation. The protein content (Table 2) and the
SDS-PAGE electrophoretic profiles (Fig. 4A) of each sub-
fraction were determined and the low-density membrane
fraction was analyzed by 2DE (Fig. 5). The silver-stained
electrophoretic profiles of the proteins (Fig. 4A) showed that
the majority of the aphid proteins were soluble ones because
the electrophoretic profiles of WCL proteins and of the
soluble proteins (lane S) were nearly the same. We isolated
the membrane fraction from aphid bodies containing all the
membranes (lane M). These membranes were fractionated
into three subfractions to obtain a fraction enriched in plasma
membrane proteins (lane PM).
Using Mp-Col aphids, binding experiments were carried
on SDS-PAGE-separated proteins from WCL and those
contained in each step of the subcellular fractionation and
purified particles of BWYV-WT (Fig. 4B). We used BWYV-Table 2
Subcellular fractionation of M. persicae
Step Fractiona Amount of
proteins (mg)
Percentage of
proteins (%)
1 whole cell lysate (WCL) 49.40 100
2 soluble proteins 48.10 97.40
fraction S
3 total membrane fraction 1.30 2.60
fraction M
4a membrane subfractions 0.48 1.00
4b 0.40 0.80
4c 0.40 0.80
Amount and percentage of proteins were determined in each step of
subcellular fractionation. After grinding of the aphid bodies in buffer H
(step 1), proteins from WCL were separated by ultracentrifugation in
fraction S containing the soluble proteins (step 2) and fraction M containing
all the membranes (step 3). The different types of membranes were then
separated in three subfractions by ultracentrifugation in a discontinuous
sucrose step gradient [5% (w/v), 30% (w/v), and 40% (w/v)] (step 4).
Subfraction 4a represents the plasma membrane proteins collected at the 5–
30% sucrose interface. Subfraction 4b corresponds to microsomal enriched
proteins collected at the 30–40% sucrose interface and subfraction 4c
corresponds to proteins contained in the bottom of the sucrose gradient.
a For details, see Materials and methods.WT and not BWYV-mutants because BWYV-WT detected
more aphid polypeptides than the two BWYV-mutants.
The 65-kDa polypeptide that occurred in the WCL was
only detected in the fraction S, but not in the fractions
containing membrane proteins (lanes M, BSG, PM, and Mi).
The 52-kDa polypeptide was detected in the WCL, in the
fraction S, in the fraction M, and in the plasma membrane
fraction (lane PM). The polypeptides of 42, 37, 35, 32, 31,
29, 26, 22, and 21 kDa were clearly detected in the plasma
membrane fraction (lane PM). All these polypeptides, except
the 42-kDa one, which is only detected in the plasma
membrane fraction, were detected more weakly in the
WCL and in the microsomal membrane fraction (lane Mi).
Note that the 26, 22 and 21 kDa polypeptides are not
detected as well in WCL in Fig. 4B (lane WCL) whereas
they are clearly visible in Fig. 1 (lane WT). This is probably
due to the eight times lower quantity of proteins deposited in
Fig. 4B compared to Fig. 1. Moreover, the polypeptides of
37 and 35 kDa were also detected in membrane proteins
from the gradient step centrifugation pellet fraction (lane
BSG). The 35-kDa polypeptide was found in the fraction S
and in the fraction M, whereas the 37-kDa polypeptide was
only found in the fraction M. Whereas the same protein
quantity was deposited on each lane, fraction PM showed
the highest labeling indicating that a higher concentration of
proteins of interest was present in this plasma membrane
fraction.
The low-density membrane fraction was also analyzed by
2D electrophoresis (Fig. 5). After silver staining of the gel, a
total of 298 different spots were visible. The proteins had
relative molecular weights between 232 and 20 kDa and
isoelectric points (pI) between 9.11 and 4.21 (Fig. 5).
Identification of aphid proteins
Selected protein spots from 1D or 2D gels (indicated by
an arrow in Fig. 2) were subjected to in-gel trypsin diges-
tion. Generated peptides were analyzed by LC-MS-MS on a
Q-TOF 2 hybrid quadrupole/time-of-flight mass spectrom-
eter. Identified proteins are listed in Table 3 and include
symbionin, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH3), the receptor for activated C kinase 1 (Rack-1),
Fig. 4. Binding of purified BWYV-WT particles to proteins from
subcellular fractions: (A) Luteovirus-free Mp-Col protein patterns from
subcellular fractions after silver staining of SDS-PAGE. (B) Binding
experiments with purified BWYV-WT particles by far-Western blot. Whole
cell lysate, WCL; soluble proteins, fraction S; total membrane proteins,
fraction M; bottom of the sucrose gradient, BSG; 5–30% sucrose interface
(plasma membranes, PM); or 30–40% sucrose interface (microsomal
membranes, Mi). Relative molecular weight markers (Mw) are indicated in
each figure. Ten-microgram equivalent protein was deposited in each lane.
Fig. 5. Two-dimensional electrophoresis experiments. Silver staining of low-d
molecular weight markers (Mw) are indicated on the left and pI ladder on the top
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values were in good agreement with the calculated values
reported in the NCBI database for Rack-1 but not for
GAPDH3 and cuticular protein. Moreover, a discrepancy
was also observed among relative molecular weights of
symbionin, actin and GAPDH3, and the corresponding
calculated molecular mass from NCBI sequences (Table 3).
These discrepancies could be due in part to steric influences,
partial fragmentation of proteins, or to conformational effect,
but the LC-MS-MS data confirm the identifications.
The set of protein spots identified in WCL 2D gel
(Fig. 2B) were also subjected to Edman degradation. Only
one sequence from P26 could be determined. This sequence
(P G N G L L E T [S,V] P N X V I [V,N]) does not match
with any protein sequence in databases.Discussion
Insect transmission of plant viruses involves complex
interactions between viral proteins and vector-associated
compounds (Gray and Banerjee, 1999; Gray and Gildow,
2003). Transmission by aphids is one of the most conserved
features of viruses of the family Luteoviridae. Luteoviruses
have a very high level of vector specificity and each
luteovirus is efficiently transmitted by one or a few aphid
species (Herrbach, 1999). Evidence suggests an intimate
association between a luteovirus and its vector in which
interactions occurring at cell membranes or basal lamina of
specific aphid tissues regulate virus transmission (Gildow,
1999; Gray and Gildow, 2003). Although multiple domains
of both the CP and the RT proteins of Luteoviridae appear to
be involved in virus transmission (Brault et al., 2000), littleensity membrane proteins from luteovirus-free Mp-Col aphids. Relative
.
Table 3
Identification of aphid proteins using LC-MS-MS
Spots Identified proteins Score Coverage
(%)
NCBI code NCBI
calculated
Mw (Da)
Experimentally
derived values
for Mw (Da)
NCBI
calculated
pI
Experimentally
derived values
for pI
P65 symbionin from Buchnera
aphidicola (Myzus persicae)
183 70 giA14030559 57,885 65,000 5.19 nd
P52 symbionin from Buchnera
aphidicola (Myzus persicae)
1,200 52 giA14030559 57,885 52,000 5.19 8.31
P42 actin from Bombyx mori 355 42 giA113231 41,776 42,000 5.29 nd
P37 GAPDH3 (homologue of
Drosophila melanogaster)
295 27 giA84977 35,361 37,000 8.75 7.47
P35 RACK1 (homologue of
Drosophila melanogaster)
177 26 giA2290597 35,695 35,000 7.64 7.60
P33 cuticular protein
(from Myzus persicae)
81 12 giA2290597 23,445 33,000 6.07 7.55
P32 actin from Artemia sp. 369 58 giA113255 41,811 32,000 5.30 nd
P31 actin from Anser anser 249 43 giA627304 41,851 31,000 5.39 nd
Selected protein spots were subjected to in-gel trypsin digestion. Protein fragments were then separated by mono HPLC before being processed for MS and
MS-MS using a Q-TOF 2 hybrid quadrupole/time-of-flight mass spectrometer. Data analyses were done with Global Server software and Mascot against
NCBInr database. The score is significant if it is higher than 69. nd means nondetermined.
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specificity.
SDS-PAGE and 2DE coupled to mass spectrometry allow
the identification of proteins that interact with the BWYV
The use of virus overlay studies to investigate binding of
virus to vector proteins is a straightforward method. In spite
of the shortcoming, overlay studies have yielded important
results in luteovirus research. Van den Heuvel et al. (1994)
showed that purified PLRV particles had some affinity for
five proteins of M. persicae of Mw approximately of 84, 78,
63, 50, and 49 kDa. The most abundant protein of 63 kDa
with a pI 5.8–6.0 was identified as symbionin (MpSym), a
prokaryotic protein coded for and synthesized in vivo by the
major bacterial endosymbiont Buchnera aphidicola in M.
persicae (Ishikawa, 1982).
It is clear however that these in vitro studies may have
excluded certain interactions that occur in vivo which
require particular conditions of pH and salt concentration
(Kikkert et al., 1998; Roivanen et al., 1993). The environ-
ment within the gut or haemocoel of a vector is probably
significantly different from that within a plant cell or present
in vitro. Perhaps conditions within the haemolymph alter the
conformation of the luteovirus particle to expose different
regions of the RT and CP proteins on the surface of the
virion and to allow interactions with the aphid ASG.
Moreover, binding of the virus particles to the symbionin
in the haemocoel may produce conformational changes in
the virion structure. It is also not known whether the virus
particles bind the ASG receptor(s) alone or still associated
with the symbionin.
Nevertheless, using this in vitro approach, Li et al. (2001)
showed that two proteins, SaM35 and SaM50, in the vector
aphid S. avenae, bind specifically to purified BYDV-MAV
particles but the nature of these proteins was not identified.Using mass spectrometry, we have identified five aphid
proteins including Rack-1, GAPDH3, and actin that bind in
vitro to BWYV particles. In addition, the amino acid
sequence, which was determined by Edmann sequencing,
did not correspond to any sequence in the current databases.
The MS-MS analysis allows unambiguous identification of
proteins provided that relevant homologs are present in the
current databases. Generated peptides could be de novo
sequenced to find sequences suitable for Blast research. This
feature is important for studies of novel biological samples
such as aphids, and in particularM. persicae, whose genome
has not yet been sequenced. The advantages of the MS
methodology were clearly demonstrated in this study be-
cause it allowed the identification of unexpected proteins:
GAPDH3, Rack-1, and actins. It is worth pointing out that
combination of 1D or 2D electrophoresis was essential for
this study. Due to the limited amount of membrane proteins
available and the well-known problems associated with
membrane proteins migration in 2D gels, 1D electrophoresis
can provide suitable material for MS-MS analysis of mem-
brane fractions.
Symbionin, cuticular protein, Rack-1, GAPDH3, and actins
as identified proteins interacting with BWYV
We found in our experiments that BWYV-WT particles
bind to P65 present in WCL and in the fraction containing
the soluble proteins, whereas both BWYV-6.4 and BWYV-
5.123L mutant particles did not bind to this polypeptide.
Using mass spectrometry, we have identified this protein as
symbionin from B. aphidicola. P52 that is present in the
soluble and membrane fractions has also been identified as
symbionin of B. aphidicola. This is nonrelevant for the entry
of the BWYV into aphid but our result confirm those of Van
den Heuvel et al. (1994) and validate our approach. P52 is
certainly a fragment of P65; but, whereas P65 is only present
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membrane fractions. This result would suggest that part of
symbionin, having been synthesized by B. aphidicola, could
be associated to membranes. Our results confirm those of
Brault et al. (1995, 2000) and Bruye`re et al. (1997) who have
shown by ELISA that MpSym can bind in vitro to purified
BWYV-WT particles but not to BWYV-6.4 particles. Our
results obtained with BWYV-5.123L suggest that amino
acids E(59), D(60), and P(32) of the BWYV RT protein
could be involved in MpSym direct attachment or that they
could participate to a 3D particular structure of the virus
capsid that can bind symbionin. The association between
aphids and bacteria of the genus Buchnera is a ‘‘mycetocyte
symbiosis’’ (Douglas, 1998). MpSym probably plays a
crucial role in virus transmission by preventing virus par-
ticles from being proteolytically degraded in the haemocoel
of the aphid or by favoring the transport of the viral particles
to the ASG of the aphid (Gray and Banerjee, 1999; Van den
Heuvel et al., 1994), although it is not involved in vector
specificity (Van den Heuvel et al., 1997).
The cuticular protein that we have identified does not
probably play a role in the transmission mechanism of
BWYV but can be implicated in noncirculative transmission
of plant viruses (Palacios et al., 2002). The interaction
between the cuticular protein of M. persicae and BWYV
could be a less efficient remnant BWYV transmission mode.
Our results suggest that the RT protein is the viral protein
interacting with this cuticular protein because both the wild
type and the BWYV-5.123L mutant particles bind to this
aphid protein but not the RT-deleted mutant (BWYV-6.4).
P35, which has been found to bind only to BWYV-WT,
has been determined as the Rack-1 homologue ofDrosophila
melanogaster. In animals, Rack-1 is a multifunctional, WD
motif-containing protein (Neer et al., 1994) important in
regulating several cell surface receptors and intracellular
protein kinases (Choi et al., 2003). Rack-1 has been de-
scribed as an interacting-protein with the insulin-like growth
factor 1 receptor (Hermanto et al., 2002) and is known to
bind to h subunits of receptors (Il5, Il3, GM-CSF, Geijsen
et al., 1999) and to integrins, which can interact with viruses
(Albinsson and Kidd, 1999), and which are components of
the extracellular matrix basal lamella of invertebrates such as
aphids (Pederson, 1991). Rack-1, a homolog of the h subunit
of G proteins (Ron et al., 1995), binds to activated protein
kinase C (PKC), acting as an intracellular receptor to anchor
the activated PKC to the cytoskeleton and to target the
enzyme to the membrane (McCahill et al., 2002; Ron and
Mochly-Rosen, 1994, 1995; Ron et al., 1995, 1999). Rack-1
produces signals required for the organization of actin in the
cytoskeleton (Buensuceso et al., 2001; Liliental and Chang,
1998). In addition to its role as a major signaling event in the
cell, PKC can regulate virus endocytic trafficking by phos-
phorylation (Sieczkarski and Whittaker, 2002). Rack-1 is
localized at internal leaflet of membranes and on cytoske-
leton elements (Ron and Mochly-Rosen, 1995; Ron et al.,
1999). Our results agree with the localization of Rack-1either in the cytosol or associated with membranes. Rack-1 is
a cargo protein that may belong to a membrane complex
(Chang et al., 1998; Liliental and Chang, 1998; Wang et al.,
2002). It is a scaffold protein that physically connects
various signal transduction components into stable com-
plexes (Wang et al., 2002) and directs ‘‘cross-pathway-
control’’ by integrating communication from different sig-
naling pathways (such as Ser/Thr kinases A and C and
cAMP signaling cascades) through the orchestration of
protein–protein interactions (Liedtke et al., 2002; McCahill
et al., 2002). Rack-1 is well conserved in all plants, animals,
and invertebrates (Kuo et al., 1995; Kwon et al., 2001,
McCahill et al., 2002), suggesting that it is essential for
cellular functions. The deduced amino acid sequences of the
coding region of Rack-1 homologues from vertebrates such
as porcine, rat, mouse, human, chicken, zebrafish, Tilapia
nilotica share nearly 100% identity whereas sequences from
other sources such as Drosophila (Vani et al., 1997), Chla-
midomonas, Neurospora, Lycopersicon esculentum, yeast,
tobacco, Arabidopsis thaliana, rice, and Trypanosoma brucei
show 76–55% identity (Chou et al., 1999).
Due to its localization at the inner membrane leaflet,
Rack1 is clearly not the BWYV extracellular receptor. But
the clear interaction detected between the wild-type virus and
Rack1 and the absence of interaction with the two mutants,
which display altered efficiency in endocytosis/transcytosis
(Reinbold et al., 2001), strongly suggest that Rack1 is a key
element of the transcytosis mechanism that enhances the
efficiency of the transcytosis of wild-type particles compared
to mutants, and is in direct contact with the virus at some
stage of the process. Our results also suggest that RT protein
is the viral protein interacting with Rack1.
P37, which binds to wild type and to the two mutant
BWYV particles, has been determined as the GAPDH3
homologue of D. melanogaster. In animals, GAPDH3, be-
sides playing an important role in glycolysis in the cytosol,
has diverse cellular functions depending on its localization in
each subcellular compartment. When being phosphorylated
by PKC (Tisdale, 2002), GAPDH3 binds to membranes and
regulates endocytosis (probably by promoting bundles and
formation of microtubule network, Sirover, 1997, 1999;
Somers et al., 1990; Volker et al., 1995) and exocytosis (by
catalyzing membrane fusion activity, Glaser and Gross,
1995). A role has been attributed to this enzyme in vesicular
transport and apical organelles biogenesis (Daubenberger
et al., 2003). Glaser et al. (2002) have suggested a coordi-
nated mechanism through which membrane trafficking and
cellular signaling can be integrated with glycolytic flux.
GAPDH3 has a weak association with the cytoskeleton and
the association may strengthen in epithelial cells (Cao et al.,
1999). GAPDH3 has been found sometimes accessible at cell
surface (Alvarez et al., 2003; Delgado et al., 2001; Fernandes
et al., 1992; Gil-Navarro et al., 1997; Goudot-Crozel et al.,
1989; Gozalbo et al., 1998; Pancholi and Fischetti, 1992).
This enzyme binds different proteins such as fibronectin
(Alvarez et al., 2003; Gozalbo et al., 1998), which is a
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1991). Schmitz and Bereiter-Hahn (2002) supported the idea
of a specialized function for the interaction of GAPDH3 and
cytoskeletal elements such as actin filaments. In our experi-
ments, BWYV-WT does not bind to GAPDH3 in the fraction
containing soluble proteins. GAPDH3 can be present in very
small quantity in its soluble form compared to its membrane
form inM. persicae. A different conformation of GAPDH3 in
the cytosol compared to the membrane-associated form
cannot be excluded. We hypothesize that GAPDH3 could
be part of the BWYV receptor in aphids if localized at the
outside leaflet of the plasmalemma of midgut and ASG cells,
or in the basal lamella of the ASG cells where it could be
associated with fibronectin.
The majority of virus families utilize endocytosis as a
means to penetrate into cells. Besides clathrin-mediated
endocytosis, which is the primary route for internalization
into cells, viruses can be internalized through macropino-
cytosis. Macropinocytosis requires actin-driven membrane
ruffling with a strict requirement for actin (Sieczkarski and
Whittaker, 2002). Actin microfilaments are well known to
play a critical role in endocytosis at the apical of polarized
epithelial cells by providing the energy required for convert-
ing amembrane invagination or a pit into an endocytic vesicle
within the cytoplasm (Gottlieb et al., 1993). Endocytosis is
regulated by PKC activity and is tightly controlled by the
dynamic organization of actin cytoskeleton (Deckert et al.,
1996). Although viral interactions with the cytoskeleton are
well documented, essentially for viruses that replicate in the
cell, few specific viral proteins have been shown to bind
directly to cytoskeletal proteins; andwhere it has been shown,
the functional significance of these interactions has not been
always well understood. The colocalization of actin with the
viral glycoproteins in Pseudorabies Virus has been correlated
with the internalization process of the virions (Van deWalle et
al., 2001). Autographa californica M nucleopolyhedrovirus
capsid can induce polymerization of actin cables, which, in
conjunction with a myosin-like motor, facilitates its transport
in the cell (Lanier and Volkman, 1998). Our results demon-
strate a direct interaction of BWYV capsid with actin but its
biological significance remains to be elucidated.Conclusion
Although the true receptor for BWYV has not yet been
identified, our results suggest that the protein Rack-1 may be
involved in the transcytosis mechanism of BWYV particles
through direct interaction between Rack-1 and a specific
motif on the viral capsid RT protein, enhancing the polarized
transport of BWYV-WT particles in the epithelial cells. The
low efficiency of crossing the midgut barrier for BWYV-6.4
and BWYV-5.123L is probably due to the absence of this
specific RT domain, inhibiting the direct binding of these
particles to Rack-1. The capture of the viral particles could
be mediated by a receptor, perhaps including GAPDH3 thatmay belong to a membrane complex together with Rack-1 in
interaction with actin to facilitate transcytosis of BWYV in
the aphid body.
The direct binding between BWYV-WT and Rack-1/
GAPDH3/actin in epithelial cells would also suggest that
BWYV particles need to escape from the classical route of
clathrin-mediated endocytosis (Gildow, 1987; Reinbold et
al., 2001). BWYV particles could be taken up by Rack-1,
GAPDH3, and actin via macropinocytosis and their polar-
ized transport across the epithelial cells may use cytoskeleton
element trails. This hypothesis is supported by the fact that,
in midgut cells, clathrin-coated vesicles, containing BWYV
particles, that emerge from the apical plasma membrane are
rarely seen but numerous uncoated vesicles, containing
BWYV particles, are often detected (unpublished results).
No immuno-electron microscopy has been carried out yet for
studying transport of BWYV in midgut cells (Gray and
Gildow, 2003). Immuno-electron microscopy did not suc-
ceed in establishing that PLRV particles are always sur-
rounded by a membrane in midgut epithelial cells (Garret et
al., 1993). Moreover, whereas BWYV-6.4 particles can cross
midgut epithelium, the virions are not detected in membrane
vesicles from epithelial cells (Reinbold et al., 2001). Virions
could only be detected in the lumen or between the basal
plasmalemma and the basal lamella of midgut cells.
It is obvious that the proteins identified in this study
represent only a fraction of the aphid components that may
bind to BWYV particles during its life in the insect vector.
Nevertheless, the current investigation identified a variety of
novel as well as unexpected aphid components that bind
BWYV. The results obtained open up a new avenue to
directly characterize the interactions between BWYV par-
ticles and Rack-1, GAPDH3, and actins. This should ulti-
mately lead to an understanding of the molecular
mechanisms responsible for aphid transmission of BWYV
and especially for the enhanced transmission efficiency of
wild-type virus compared to mutant viruses.
It will be important to reveal the true nature of vector
determinants which produce the transcytosis of BWYV
particles because this will offer novel opportunities for
disease control, including the genetic manipulation of the
vector and transmission neutralization by means of recom-
binant proteins expressed in transgenic plants.Materials and methods
Materials
All chemicals were obtained from Sigma Co Ltd, unless
otherwise stated.
Production and purification of BWYV
Particles of a wild-type BWYV (BWYV-WT), isolate FL1
originating from lettuce, were purified from agro-infected
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plants (Brault et al., 1995), according to the method deve-
loped by Van den Heuvel et al. (1991). Particles of the two
BWYV-mutants (BWYV-6.4 and BWYV-5.123L) were iso-
lated using the same method as for the BWYV-WT. The
concentration of purified particles was determined by reading
the optical density at 260 nm and using an extinction
coefficient of 8.6. Purified particles were stored in citrate
buffer (0.1 M sodium citrate, pH 6.0) at 80 jC until use.
Maintenance of insects
The luteovirus-free colony of M. persicae (clone Colmar,
Mp-Col) was maintained on Capsicum annuum. Colony was
reared in a growth chamber at 20 jC as previously described
(Reinbold et al., 2001).
Production of BWYV-specific antibodies
Balb/c female mouse, 6 weeks old, was obtained from the
Laboratoire d’immunotechnologies (Dr. P. Pothier, Faculte´
de Me´decine, Universite´ de Bourgogne, Dijon).
A 6-week-old female Balb/c mouse was intraperito-
neally injected using 50 Ag equivalent proteins of purified
particles of BWYV-WT. Five injections were realized at
2 weeks interval. The first one used the complete
Freund’s adjuvant and the others used the incomplete
Freund’s adjuvant (Freund, 1956). After 1 month, a last
injection without adjuvant was realized to boost the
immunological system of the mouse as described by
Seddas et al. (2000).
Monoclonal antibodies against BWYV particles were
unsuccessfully obtained, and the specific polyclonal se-
rum of the mouse was collected and used for further
experiments.
Enzyme-linked immunosorbent assay
To characterize the mouse polyclonal antibody, we de-
veloped a TAS-enzyme-linked immunosorbent assay
(ELISA) based on the DAS-ELISA currently used in the
laboratory (Reinbold et al., 2001). After coating of the
ELISA plate with Bio-Rad SA antibody against BWYV,
different dilutions (ranging from 0.01 to 1 Ag) of purified
virions of BWYV-WT, BWYV-6.4, and BWYV-5.123L
were deposited. The presence of BWYV was detected using
the mouse polyclonal antibody diluted at 1:50,000 then
alkaline phosphatase goat anti-mouse IgG diluted at
1:5,000 (Interchim) according to the manufacturer’s instruc-
tions. After alkaline phosphatase substrate deposition, opti-
cal density was read at 405 nm after 1 and 2 h.
Virus transmission by aphids
All transmission experiments were done at 20 jC. Third
or fourth-instar nymphs or adults were given a 24-h acquisi-tion access period (AAP) on different concentrations of
purified virus suspension through a stretched parafilm mem-
brane. Purified virus particles were prepared in 20% (w/v)
sucrose in the artificial diet MP148 (Harrewijn, 1983). After
AAP, aphids were transferred onto luteovirus-free M. perfo-
liata seedlings to assess their capacity to transmit the virus.
Eight aphids were placed on each test plant for a 3-day
inoculation access period (IAP). The plants were then tested
for BWYV infection 4 weeks later using DAS-ELISA and
the reactives commercialized by Bio-Rad SA., as described
previously (Reinbold et al., 2001).
Subcellular fractionation of M. persicae
About 1 g of M. persicae individuals was crushed in 4 ml
buffer H [1 mM ethylene glycol-bis(h-aminoethyl ether)-
tetraacetic acid (EGTA), 3 mM ethylene diamine tetraacetic
acid (EDTA), 0.5 mM MgCl2, 100 mM 2-[N-morpholino]
ethanesulfonic acid (MES), NaOH, pH 6.4] at 4 jC (Dru¨cker
et al., 1993) containing 1 mM de Pefabloc. Exoskeletons
were eliminated by centrifugation (3,000 g, 10 min, 4 jC),
then the cellular debris contained in the supernatant were
discarded by a second centrifugation (40,000  g, 30 min, 4
jC). The membranes were then pelleted by ultracentrifuga-
tion (130,000  g, 70 min, 4 jC). After resuspension of the
membranes in 600 Al buffer H, the different types of mem-
branes were separated by ultracentrifugation (100,000  g,
40 min, 4 jC) in a discontinuous sucrose step gradient [5%
(w/v), 30% (w/v), and 40% (w/v)].
After ultracentrifugation, the membranes contained in the
pellet and in the two interfaces, 5–30% and 30–40%, were
collected and washed with buffer H to eliminate sucrose. The
two subcellular membranes were then pelleted by ultracen-
trifugation (130,000  g, 70 min, 4 jC). After resuspension
of each membrane fraction in 100 Al buffer H, protein
content was estimated. Membranes were re-concentrated
before either being stored at 80 jC until use, or directly
solubilized for 2DE or SDS-PAGE.
Protein content
The protein content of each fraction was determined using
the dye-binding colorimetric method developed by Bradford
(1976), using bovine serum albumin as a standard.
SDS-PAGE of proteins from M. persicae
One hundred-microgram proteins of M. persicae (WCL,
soluble or membrane proteins) were processed for solubili-
zation: after addition of an equivalent volume of Laemmli
buffer, the proteins were solubilized during 10 min at 100 jC
(Laemmli, 1970) before being processed for SDS-PAGE, as
described by Dozolme et al. (1995).
SDS-PAGE was done according to the method of
Laemmli (1970). The polyacrylamide gels were prepared
as previously described (Dozolme et al., 1995), except that
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(w/v) gradient acrylamide resolving gel and a 4% (w/v)
acrylamide stacking gel with 10 wells for analytical pur-
pose (subfractionation experiments) or one continuous well
for far-Western blot experiments.
Polypeptides in the resolving gels were either directly
fixed in 30% (v/v) ethanol, 5% (v/v) acetic acid for silver
staining according to Blum et al. (1987), or washed three
times in water before being stained with Dodeca silver (Bio-
Rad) for mass spectrometry analysis, or used for far-Western
blot experiments. Apparent molecular masses of aphid
polypeptides were calculated based on the mobility of
prestained protein standards. Marker proteins used were:
rabbit muscle phosphorylase b, 116 kDa; bovine serum
albumin, 80 kDa; ovalbumin, 52.5 kDa; bovine carbonic
anhydrase, 34.9 kDa; soybean trypsin inhibitor, 29.9 kDa;
and lysozyme, 21.8 kDa (Bio-Rad).
Two-dimensional PAGE
Two-dimensional (2D) gel electrophoresis was optimized
according to Lutomski et al. (1996).
After 2D electrophoresis, the protein profile was directly
fixed in 30% (v/v) ethanol, 5% (v/v) acetic acid for silver
staining (Blum et al., 1987), or washed three times in water
before being stained with Bio-Safe Coomassie (Bio-Rad), or
used for far-Western blot experiments.
The silver-stained gels were analyzed using the Melanie
computer program (Bio-Rad). Apparent molecular masses
of aphid polypeptides were calculated based on the mobil-
ity of non-pre-stained protein standards. Marker proteins
used were: rabbit myosin, 200 kDa; h-galactosidase, 116.2
kDa; rabbit muscle phosphorylase b, 97.4 kDa; bovine
serum albumin, 66.2 kDa; ovalbumin, 45 kDa; bovine
carbonic anhydrase, 31 kDa; bovine aprotinine, 6.5 kDa
(Bio-Rad).
Far-Western blot experiments
After separation of M. persicae proteins by SDS-PAGE
or 2D electrophoresis, the protein profile was transferred
onto Immobilon-P (Millipore) membranes using a Milli-
pore semidry transfer apparatus (80 V, 2.5 mA cm2 for
45 min at room temperature) according to the manufac-
turer’s instructions. Nonspecific protein binding sites were
blocked with 2% (w/v) Tween 20 in Tris-buffered saline
(TBS) (200 mM NaCl, 20 mM Tris–HCl, pH 7.6) for 15
min at room temperature. The membrane was then
incubated for 16 h at 20 jC with 4 Ag of purified
BWYV particles diluted in TBST [TBS containing
0.05% (w/v) Tween 20]. Control experiments were con-
ducted omitting BWYV particles or using 4 Ag of
purified GFLV particles. After five washings with TBST,
the presence of BWYV particles bound to aphid proteins
was detected using mouse polyclonal antibody directed
against BWYV particles. These antibodies were used at1:10,000 dilution in TBST and were incubated at room
temperature during 1 h. To detect GFLV particles (GFLV-
F13 isolate), monoclonal antibody was used at 1 Ag ml1
dilution in TBST during 1 h at room temperature accord-
ing to Van Regenmortel (1984). After five washings with
TBST and after 2 h of incubation with phosphatase
alkaline-goat anti-mouse IgG polyclonal antibodies, the
presence of the immune complexes was revealed using 5
mg a-naphtyl acid phosphate, 0.04% (w/v) fast blue RR
salt (4-benzoylamino-2,5-dimethoxybenzenediazonium
chloride hemi[zinc chloride] salt), and 10 mM MgCl2 in
80 mM Tris–HCl, pH 8.6.
To select spots from 1D or 2D gels for identification by
LC-MS-MS, parallel experiments were carried out including
a step of staining of the electrophoretic profile of aphid
proteins using amido black [0.1% (w/v) naphtol blue black
in 7% (v/v) acetic acid and 45% (v/v) methanol] or 0.2%
(w/v) Ponceau Red after transfer onto Immobilon-P (Milli-
pore) or nitrocellulose membranes, respectively. The stained
electrophoretic profiles of aphid proteins were analyzed
using the Melanie computer program (Bio-Rad). After
destaining and blocking of the nonspecific protein binding
sites, far-Western blot experiments were carried out as
previously described. Comparisons between the stained
electrophoretic profiles of aphid proteins in gel and after
transfer onto membrane, and results of far-Western blot
experiments allow the unambiguous selection of spots for
LC-MS-MS analysis from 1D or 2D gels.
In-gel trypsin digestion and nano HPLC
Selected protein spots from 1D or 2D gels were excised
from the gel using a razor blade (1DE) or a pipette tip (2DE),
then subjected to in-gel trypsin digestion (Promega V5111).
A CapLC (Micromass Ldt., Manchester, UK) system
was used for sample injection and preconcentration. The
sample preconcentration and desalting was done on a
precolumn cartridge packed with a 5 Am, 100 A˚ C18
PepMap stationary phase (LC-Packings) with length of 1
mm and an ID of 300 Am at 30 Al min1 during 3 min. The
loading solvent for sample preconcentration and clean-up
consisted of 0.1% (v/v) formic acid in water.
After clean-up, the preconcentration system was switched
(Stream Select) and the precolumn placed on-line with the
analytical column. Bound peptides were backflushed eluted
from the precolumn onto the analytical column (15 cm 
75 Am), packed with 3 Am, 100 A˚ C18 PepMap stationary
phase (LC-Packings).
Mobile phase A consisted of 0.1% (v/v) formic acid in
water and mobile phase B of 0.1% (v/v) formic acid in
acetonitrile.
The elution was performed at a flow rate of 200 nl min1
using a 5–45% gradient (mobile phase B) over 35 min,
followed by a 95% (solvent B) over 5 min. The re-equili-
bration of the column was done during 20 min by 100% of
mobile phase A.
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The MS and MS-MS mass measurements were performed
with a Q-TOF 2 hybrid quadrupole/time-of-flight mass
spectrometer (Micromass Ltd., Manchester, UK) equipped
with a Z-spray ion source and the liquid junction. The
instrument consisted of an electrospray ionization source, a
quadrupole mass filter operating as a variable bandpass
device, a hexapole collision cell, and an orthogonal acceler-
ation time-of-flight (TOF) mass analyzer. The TOF mass
analyzer was used to acquire data both in MS and MS-MS
modes.
Nano LC-MS-MS data were collected using data-depen-
dent scanning, that was, automated MS to MS-MS switch-
ing. The data-dependent scanning used was one collision
energy for each precursor, with the collision energy used
based on the charge state and the m/z of the precursor ion.
The spray system (liquid junction) was at 3.5 kV.
Data processing and data analysis
Data processing of LC-MS-MS data was done automat-
ically with the ProteinLynx Process (Micromass) module.
Data analysis was done with Global Server (MicroMass,
Ldt., Manchester, UK) software and Mascot (Matrix Science
Ldt., London, UK) against NCBInr database.
P. Seddas et al. / Viro410Acknowledgments
This work was supported by grants from the Institut
National de la Recherche Agronomique, De´partement Sante´
des Plantes et Environnement, and from the Conseil
Re´gional d’Alsace (France). The authors are grateful to Dr.
Sam Seddas for his help in producing BWYV-specific
antibodies. We acknowledge the helpful assistance of Dr. R.
Joubert-Caron for 2D electrophoresis experiments.References
Albinsson, B., Kidd, A.H., 1999. Adenovirus type 41 lacks an RGD av-
integrin binding motif on the penton base and undergoes delayed uptake
in A549 cells. Virus Res. 64, 125–136.
Alvarez, R.A., Blaylock, M.W., Baseman, J.B., 2003. Surface localized
glyceraldehyde-3-phosphate dehydrogenase of Mycoplasma genitalium
binds mucin. Mol. Microbiol. 48, 1417–1425.
Bandla, M.D., Campbell, L.R., Ullman, D.E., Sherwood, J.L., 1998. Inter-
action of tomato spotted wilt tospovirus (TSWV) glycoproteins with a
thrips midgut protein, a potential cellular receptor for TSWV. Phytopa-
thology 88, 98–104.
Bauman, P., Baumann, L., Lai, C., Rouhbakhsh, D., Moran, N.A., Clark,
M.A., 1995. Genetics, physiology and evolutionary relationships of the
genus Buchnera: intracellular symbionts of aphids. Annu. Rev. Micro-
biol. 49, 55–94.
Blum, H., Beier, H., Gross, H.J., 1987. Improved silver staining of plant
proteins, RNA and DNA in polyacrylamide gels. Electrophoresis 8,
93–99.
Bradford, M.M., 1976. A rapid and sensitive method for the quantificationof microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72, 248–254.
Brault, V., van den Heuvel, J.F.J.M., Verbeek, M., Ziegler-Graff, V., Reute-
nauer, A., Herrbach, E., Garaud, J.-C., Guilley, H., Richards, K., Jonard,
G., 1995. Aphid transmission of beet western yellows luteovirus requires
the minor capsid read-through protein P74. EMBO J. 14, 650–659.
Brault, V., Mutterer, J., Scheidecker, D., Simonis, M.-T., Herrbach, E.,
Richards, K., Ziegler-Graff, V., 2000. Effects of point mutations in
the readthrough domain of the beet western yellows virus minor capsid
protein on virus accumulation in planta and on transmission by aphids.
J. Virol. 74, 1140–1148.
Bruye`re, A., Brault, V., Ziegler-Graff, V., Simonis, M.-T., van den Heuvel,
K., Richards, K., Guilley, H., Jonard, G., Herrbach, E., 1997. Effects of
mutations in the beet western yellows virus readthrough protein on its
expression and packaging and on virus accumulation, symptoms, and
aphid transmission. Virology 230, 323–334.
Buensuceso, C.S., Woodside, D., Huf, J.L., Plopper, G.E., O’Tole, T.E.,
2001. The WD protein Rack1 mediates protein kinase C and integrin-
dependent cell migration. J. Cell Sci. 64, 247–252.
Cao, F., Yanagihara, N., Burke, J.M., 1999. Progressive association of a
‘‘soluble’’ glycolytic enzyme with the detergent-insoluble cytoskeleton
during in vitro morphogenesis of MDCK epithelial cells. Cell Motil.
Cytoskelet. 44, 133–142.
Chang, B.Y., Conroy, K.B., Machleder, E.M., Cartwright, C.A., 1998.
Rack1, a receptor for activated C kinase and a homolog of the beta
subunit of G proteins, inhibits activity of src tyrosine kinases and
growth of NIH 3T3 cells. Mol. Cell. Biol. 18, 3245–3256.
Chay, C.A., Gunasinghe, U.B., Dinesh-Kumar, S.P., Miller, W.A., Gray,
S.M., 1996. Aphid transmission and systemic plant infection determi-
nants of barley yellow dwarf luteovirus-PAV are contained in the coat
protein readthrough domain and 17 kDa protein, respectively. Virology
219, 57–65.
Choi, D.-S., Young, H., McMahon, T., Wang, D., Messing, R.O., 2003. The
mouse RACK1 gene is regulated by nuclear factor-nB and contributes
to cell survival. Mol. Pharmacol. 64, 1541–1548.
Chou, Y.-C., Chou, C.-C., Chen, Y.-K., Tsai, S., Hsieh, F.M.J., Liu, H.J.,
Hseu, T.-H., 1999. Structure and genomic organization of porcine
RACK1 gene. Biochim. Biophys. Acta 1489, 315–322.
Daubenberger, C.A., Tisdale, E.J., Curcic, M., Diaz, D., Silvie, O., Mazier,
W., Eling, W., Bohrmann, B., Matile, H., Pluschke, G., 2003. The NV-
terminal domain of glyceraldehydes-3-phosphate dehydrogenase of the
picomplexan Plasmodium falciparum mediates GTPase Rab2-depen-
dent recruitment to membranes. J. Biol. Chem. 384, 1227–1237.
Deckert, M., Ticchioni, M., Bernard, A., 1996. Endocytosis of GPI-an-
chored proteins in human lymphocytes: role of glycolipid-based
domains, actin cytoskeleton, and protein kinases. J. Cell Biol. 133,
791–799.
Delgado, M.L., O’Connor, J.E., Azorin, I., Renau-Piqueras, J., Gil, M.L.,
Gozalbo, D., 2001. The glyceraldehydes-3-phosphate dehydrogenase
polypeptides encoded by the Saccharomyces cerevisiae TDH1, TDH2
and TDH3 genes are also cell wall proteins. Microbiology 147,
411–417.
Douglas, A.E., 1998. Nutritional interactions in insect-microbial symbio-
ses: aphids and their symbiotic bacteria Buchnera. Annu. Rev. Entomol.
43, 17–37.
Dozolme, P., Marty-Mazars, D., Cle´mencet, M.-C., Marty, F., 1995. Mono-
clonal antibody TeM 106 reacts with a tonoplast intrinsic protein of 106
kDa from Brassica oleracea L.. J. Cell Sci. 108, 1509–1517.
Dru¨cker, M., Hinz, G., Robinson, D.G., 1993. ATPases in plant coated
vesicles. J. Exp. Bot. 44, 283–291.
Fernandes, P.A., Keen, J.N., Findlay, J.B.C., Moradas-Ferreira, P., 1992. A
protein homologous to glyceraldehyde-3-phosphate dehydrogenase is
induced in the cell wall of a flocculent Kluyveromyces marxianus.
Biochim. Biophys. Acta 1159, 67–73.
Filichkin, S.A., Brumfield, S., Filichkin, T.P., Young, M.J., 1997. In vitro
interactions of the aphid endosymbiotic symL with Barley yellow dwarf
virus. J. Virol. 71, 569–577.
P. Seddas et al. / Virology 325 (2004) 399–412 411Freund, J., 1956. The mode of action of immunologic adjuvants. Adv.
Tuberc. Res. 7, 130–148.
Garret, A., Kerlan, C., Thomas, D., 1993. The intestine is a site of passage
for potato leafroll virus from the gut lumen to the haemocoel in the
aphid vector, Myzus persicae Sulz. Arch. Virol. 131, 377–392.
Geijsen, N., Spaargaren, M., Raaijmakers, J.A.M., Lammers, J.-W.J.,
Koenderman, L., Coffer, P.J., 1999. Association of RACK1 and PKCh
with the common h-chain of the IL-5/IL-3/GM-CSF receptor. Onco-
gene 18, 5126–5130.
Gildow, F.E., 1987. Virus–membrane interactions involved in circulative
transmission of luteoviruses by aphids. Curr. Top. Vector Res. 4, 93–120.
Gildow, F.E., 1993. Evidence for receptor-mediated endocytosis regulating
luteovirus acquisition by aphids. Phytopathology 83, 270–277.
Gildow, F.E., 1999. Luteovirus transmission and mechanisms regulating
vector specificity. In: Smith, H.G., Barker, H. (Eds.), The Luteoviridae.
CAB International, Oxford, pp. 88–113.
Gildow, F.E., Gray, S.M., 1993. The aphid salivary gland basal lamina as a
selective barrier associated with vector-specificity transmission of bar-
ley yellow dwarf luteovirus. Phytopathology 83, 1293–1302.
Gildow, F.E., Rochow, W.F., 1980. Role of accessory salivary glands in
aphid transmission of barley yellow dwarf virus. Virology 104, 97–108.
Gildow, F.E., Reavy, B., Mayo, M.A., Duncan, G.H., Woodford, J.A.T.,
Lamb, J.W., Hay, R.T., 2000. Aphid acquisition and cellular transport of
potato leafroll virus-like particles lacking P5 readthrough protein. Phy-
topathology 90, 1153–1161.
Gil-Navarro, I., Gil, M.L., Casanova, M., O’Connor, J.E., Martinez, J.P.,
Gozalbo, D., 1997. The glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase of Candida albicans is a surface antigen. J. Bacteriol.
179, 4992–4999.
Glaser, P.E., Gross, R.W., 1995. Rapid plasmenylethanolamine-selective
fusion of membrane bilayers catalyzed by an isoform of glyceralde-
hydes-3-phosphate dehydrogenase: discrimination between glycolytic
and fusogenic roles of individual isoforms. Biochemistry 34,
12193–12203.
Glaser, P.E., Han, X., Gross, R.W., 2002. Tubulin is the endogenous in-
hibitor of the glyceraldehydes 3-phosphate dehydrogenase isoform that
catalyzes membrane fusion: implications for the coordinated regulation
of glycolysis and membrane fusion. Proc. Natl. Acad. Sci. U.S.A. 99,
14104–14109.
Gottlieb, T.A., Ivanov, I.E., Adesnik, M., Sabatini, D.D., 1993. Actin
microfilaments play a critical role in endocytosis at the apical but not
the basolateral surface of polarized epithelial cells. J. Cell Biol. 120,
695–710.
Goudot-Crozel, V., Caillol, D., Djabali, M., Dessein, A.J., 1989. The major
parasite surface antigen associated with human resistance to schistoso-
miasis is a 37 kDa glyceraldehydes-3P-dehydrogenase. J. Exp. Med.
170, 2065–2080.
Gozalbo, D., Gil-Navarro, I., Azorin, I., Renau-Piqueras, J., Martinez, J.P.,
Gil, M.L., 1998. The cell wall-associated glyceraldehyde-3-phosphate
dehydrogenase of Candida albicans is also a fibronectin and laminin
binding protein. Infect. Immun. 66, 2052–2059.
Gray, S.M., Banerjee, N., 1999. Mechanisms of arthropod transmission of
plant and animal viruses. Microbiol. Mol. Biol. Rev. 3, 128–148.
Gray, S.M., Gildow, F.E., 2003. Luteovirus–aphid interactions. Annu. Rev.
Phytopathol. 41, 539–566.
Harrewijn, P., 1983. The effect of cultural measures on behaviour and
population development of potato aphids and transmission of viruses.
Meded. Fac. Landbouwwet. - Rijksuniv. Gent 48, 791–799.
Hermanto, U., Zong, C.S., Li, W., Wang, L.H., 2002. RACK1, an insulin-
like growth factor I (IGF-I) receptor-interacting protein, modulates IGF-
I-dependent integrin signaling and promotes cell spreading and contact
with extracellular matrix. Mol. Cell. Biol. 22, 2345–2365.
Herrbach, E., 1999. Vector –virus interactions: Introduction. In: Smith,
H.G., Barker, H. (Ed.), The Luteoviridae. CAB International, Oxford,
pp. 85–88.
Ishikawa, H., 1982. Host– symbiont interactions in the protein synthesis in
the pea aphid, Acyrthosiphon pisum. Insect Biochem. 12, 613–622.Kikkert, M., Meurs, C., van de Wetering, F., Dorfmu¨ller, S., Peters, D.,
Kormelink, R., Goldbach, R., 1998. Binding of tomato spotted wilt
virus to a 94-kDa thrips protein. Virology 88, 63–69.
Kuo, W.-N., Jones, D.L., Ku, T.W., Weeks, K.D., Jordon, P.M., Dopson,
N.C., 1995. Immunoreactivity of PKCg,E and RACK1 in baker’s yeast,
lobster and wheat germ. Biochem. Mol. Biol. Int. 36, 957–963.
Kwon, H.-J., Bae, S., Son, Y.-H., Chung, H.-M., 2001. Expression of the
Xenopus homologue of the receptor for activated C-kinase 1 (RACK1)
in the Xenopus embryo. Dev. Genes Evol. 211, 195–197.
Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227, 680–685.
Lanier, L.M., Volkman, L.E., 1998. Actin binding and nucleation by Auto-
grapa callifornica M nucleopolyhedrovirus. Virology 243, 167–177.
Li, C., Cox-Foster, D., Gray, S.M., Gildow, F.E., 2001. Vector specificity of
barley yellow dwarf virus (BYDV) transmission: identification of po-
tential cellular receptors binding BYDV-MAV in the aphid, Sitobion
avenae. Virology 286, 125–133.
Liedtke, C.M., Yun, C.H., Kyle, N., Wang, D., 2002. PKC-epsilon depen-
dent regulation of CFTR involves binding to RACK1, a receptor for
activated C kinase and RACK1 binding to NHERF1. J. Biol. Chem.
277, 22925–22933.
Liliental, J., Chang, D.D., 1998. Rack1, a receptor for activated protein
kinase C, interacts with integrin beta subunit. J. Biol. Chem. 273,
2379–2383.
Lutomski, D., Caron, M., Cornillot, J.D., Bourin, P., Dupuy, C., Pontet,
D., Bladier, D., Joubert-Caron, R., 1996. Identification of different
galectins by immunoblotting after two-dimensional polyacrylamide
gel electrophoresis with immobilized pH gradients. Electrophoresis
17, 600–606.
Mayo, M.A., D’Arcy, C.J., 1999. Family Luteoviridae: a reclassification of
luteoviruses. In: Smith, H.G., Barker, H. (Eds.), The Luteoviridae. CAB
International, Oxford, pp. 15–22.
Mayo, M.A., Ziegler-Graff, V., 1996. Molecular biology of luteoviruses.
Adv. Virus Res. 46, 413–459.
McCahill, A., Warwicker, J., Bolger, G.B., Houslay, M.D., Yarwood, S.J.,
2002. The RACK1 scaffold protein: a dynamic cog in cell response
mechanisms. Mol. Pharmacol. 62, 1261–1273.
Medeiros, R.B., Ullman, D.E., Sherwood, J.L., German, T.L., 2000.
Immuno precipitation of a 50-kDa protein: a candidate receptor com-
ponent for tomato spotted wilt tospovirus (Bunyaviridae) in its main
vector, Frankliniella occidentalis. Virus Res. 67, 109–118.
Neer, E.J., Schmidt, C.J., Nambudripad, R., Smith, T.F., 1994. The ancient
regulatory-protein family of WD-repeat proteins. Nature 371, 297–300.
Palacios, I., Drucker, M., Blanc, S., Leite, S., Moreno, A., Fereres, A.,
2002. Cauliflower mosaic virus is preferentially acquired from the phlo-
em by its aphid. J. Gen. Virol. 83, 3163–3171.
Pancholi, V., Fischetti, V.A., 1992. A major surface protein on group A
streptococci is a glyceraldehydes-3-phosphate dehydrogenase with mul-
tiple activity. J. Exp. Med. 176, 415–426.
Pederson, K.J., 1991. Structure and composition of basement membranes
and other basal lamina matrix systems in selected invertebrates. Acta
Zool. 72, 181–201.
Peiffer, M.L., Gildow, F.E., Gray, S.M., 1997. Two distinct mechanisms
regulate luteovirus transmission efficiency and specificity at the aphid
salivary gland. J. Gen. Virol. 78, 495–503.
Reinbold, C., Gildow, F.E., Herrbach, E., Ziegler-Graff, V., Goncalves,
M.C., van den Heuvel, J.F.J.M., Brault, V., 2001. Studies on the role
of the minor capsid protein in transport of beet western yellows virus
through Myzus persicae. J. Gen. Virol. 82, 1995–2007.
Reinbold, C., Herrbach, E., Brault, V., 2003. Posterior midgut and hindgut
are both sites of acquisition of Cucurbit aphid-borne yellows virus in
Myzus persicae and Aphis gossypii. J. Gen. Virol. 84, 3473–3484.
Rochow, W.F., Foxe, M.J., Muller, I., 1975. A mechanism of vector spec-
ificity for circulative aphid-transmitted plant viruses. Ann. N. Y. Acad.
Sci. 266, 293–301.
Roivanen, M., Piirainen, L., Rysa¨, T., Na¨rva¨nen, A., Hovi, T., 1993. An
immunodominant N-terminal region of VP1 protein of poliovirus that is
P. Seddas et al. / Virology 325 (2004) 399–412412buried in crystal structure can be exposed in solution. Virology 195,
762–765.
Ron, D., Mochly-Rosen, D., 1994. Agonists and antagonists of protein
kinase C function, derived from its binding proteins. J. Biol. Chem.
269, 21395–21398.
Ron, D., Mochly-Rosen, D., 1995. An autoregulatory region in protein
kinase C: the pseudoanchoring site. Proc. Natl. Acad. Sci. U.S.A. 92,
492–496.
Ron, D., Chen, C.H., Caldwell, J., Jamieson, L., Orr, E., Mochly-Rosen,
D., 1995. Cloning of an intracellular receptor for protein kinase C:
a homolog of the beta subunit of G proteins. Proc. Natl. Acad. Sci.
U.S.A. 91, 839–843.
Ron, D., Jiang, Z., Yao, L., Vagts, A., Diamond, I., Gordon, A., 1999.
Coordinated movement of RACK1 with activated hIIPKC. J. Biol.
Chem. 274, 27039–27046.
Roth, M.G., 1993. Endocytic receptors. Adv. Cell Mol. Biol. Membr. 1,
19–50.
Rouze´-Jouan, J., Terradot, L., Pasquer, F., Tanguy, S., Giblot Ducray-Bour-
din, D., 2001. The passage of potato leafroll virus through Myzus per-
sicae gut membrane regulates transmission efficiency. J. Gen. Virol. 82,
17–23.
Schmitz, H.-D., Bereiter-Hahn, J., 2002. Glyceraldehyde-3-phosphate de-
hydrogenase associates with actin filaments in serum deprived NIH 3T3
cells only. Cell Biol. Int. 26, 155–164.
Seddas, A., Haidar, M.M., Greif, C., Jacquet, C., Cloquemin, G., Walter,
B., 2000. Establishment of a serological relationship between grapevine
leafroll closteroviruses 1 and 3 by use of monoclonal antibodies. Plant
Pathol. 49, 80–85.
Sieczkarski, S.B., Whittaker, G.R., 2002. Dissecting virus entry via endo-
cytosis. J. Gen. Virol. 83, 1535–1545.
Sirover, M.A., 1997. Role of the glycolytic protein, glyceraldehyde-3-phos-
phate dehydrogenase, in normal cell function and in cell pathology. J.
Cell. Biochem. 66, 133–140.
Sirover, M.A., 1999. New insights into an old protein: the functional di-
versity of mammalian glyceraldehyde-3-phosphate dehydrogenase. Bio-
chim. Biophys. Acta 1432, 159–184.
Somers, M., Engelborghs, Y., Baert, J., 1990. Analysis of the binding ofglyceraldehyde-3-phosphate dehydrogenase to microtubules, the mech-
anism of bundle formation and the linkage effect. Eur. J. Biochem. 193,
437–444.
Tisdale, E.J., 2002. Glyceraldehyde-3-phosphate dehydrogenase is phos-
phorylated by protein kinase C L/E and plays a role in microtubule dy-
namics in the early secretory pathway. J. Biol. Chem. 277, 3334–3341.
Van den Heuvel, J.F.J.M., Boerma, T.M., Peters, D., 1991. Transmission of
potato leafroll virus from plants and artificial diets by Myzus persicae.
Phytopathology 81, 150–154.
Van den Heuvel, J.F.J.M., Verbeek, M., van der Wilk, F., 1994. Endosym-
biotic bacteria associated with circulative transmission of potato leafroll
virus by Myzus persicae. J. Gen. Virol. 75, 2559–2565.
Van den Heuvel, J.F.J.M., Bruye`re, A., Hogenhout, S.A., Ziegler-Graff, V.,
Brault, V., Verbeek, M., Van der Wilk, F., Richards, K., 1997. The
N-terminal region of the luteovirus readthrough domain determines
virus binding to Buchnera GroEL and is essential for virus persistence
in the aphid. J. Virol. 71, 7258–7265.
Van de Walle, G.R., Favoreel, H.W., Nauwynck, H.J., Van Oostveldt, P.,
Pensaert, M.B., 2001. Involvement of cellular cytoskeleton components
in antibody-induced internalization of viral glycoproteins in pseudora-
bies virus-infected monocytes. Virology 288, 129–138.
Vani, K., Yang, G., Mohler, J., 1997. Isolation and cloning of a Drosophila
homolog to the mammalian RACK1 gene, implicated in PKC-mediated
signalling. Biochim. Biophys. Acta 1358, 67–71.
Van Regenmortel, M.H.V., 1984. Monoclonal antibodies in plant virology.
Microbiol. Sci. 1, 73–78.
Volker, K.W., Reinitz, C.A., Knull, H.R., 1995. Glycolytic enzymes and
assembly of microtubule networks. Comp. Biochem. Physiol. 112B,
503–514.
Wang, W., Huang, Y., Zhou, Z., Tang, R., Zhao, W., Zeng, L., Xu, M.,
Cheng, C., Gu, S., Ying, K., Xie, Y., Mao, Y., 2002. Identification and
characterization of AGTRAP, a human homolog of murine angiotensin
II receptor-associated protein (Agtrap). Int. J. Biochem. Cell Biol. 34,
93–102.
Zhou, G., Lu, X., Lu, H., Lei, J., Chen, S., Gong, Z., 1999. Rice ragged
stunt oryzavirus: role of the viral spike protein in transmission by the
insect vector. Ann. Appl. Biol. 135, 573–578.
